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Abstract 
A Raman spectroscopic study on the organo-montmorillonites prepared at 
different concentrations has provided a detailed observation about the ordering 
conformation of HDTMA+ ions confined within the montmorillonite interlayer. The 
ordering conformation shows strong dependence on the concentration of the confined 
amine. Both wavenumber and band width of antisymmetric and symmetric stretching 
modes are sensitive to the ordering conformation of the inserted organic cation. 
Furthermore, the wavenumber of the antisymmetric stretching mode is more sensitive 
to the mobility of the tail of amine chain than that of symmetric stretching mode does.  
At room temperature, the conformational ordering is more easily to be effected 
by the packing density in the lateral model than in the paraffin-type model. However, 
at liquid nitrogen temperature, both the positions of antisymmetric and symmetric 
stretching modes are independent of the amine concentration, and the band width of 
symmetric stretching mode is sensitive to the ordering conformation of organic. Upon 
heating the organo-montmorillonites, both the position of the antisymmetric and 
symmetric stretching bands shift to higher wavenumbers, indicating the decrease of 
conformational ordering.  
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INTRODUCTION 
Organoclay represents a family of materials which have potential applications in 
a range of key areas, such as adsorbents for organic pollutants1,2, rheological control 
agents3, reinforcing fillers for plastics4 and electric materials5. In these applications, 
the behavior and properties of the organoclay depend largely on the structure and the 
molecular environment of the organic within the galleries. 
The most widely used technique to characterize the clay-surfactant hybrids is 
X-ray diffraction (XRD), which gives the basal d-spacing of the clay minerals in the 
hybrids. On the basis of XRD results, various models have been proposed for the 
molecular conformation of the surfactant, including lateral monolayer, lateral bilayer, 
paraffin monolayer, paraffin bilayer and pseudotrilayer.6-10 However, XRD does not 
provide the detailed information on the local conformation of surfactant molecules. 
This information is critical for understanding the surfactant role in the formation of 
nanocomposites and the effectiveness of the surface treatment. During the last two 
decades, Fourier transform infrared spectroscopy (FTIR) has been widely used in the 
study about the molecular conformation of surfactants under different conditions.11-16 
The best information on the molecular conformation was first obtained by Vaia et al. 
(1994)12 using FTIR and the main results are summarized as follows: (1) Under most 
conditions, a disordered conformation (gauche) is more predominant than the ordered 
(all-trans) conformation. (2) Increasing the packing density, or the chain length, 
improves the ordering of the chains. (3) High temperature favors the disordered 
conformation. However, recent studies show that the ordering of conformation 
strongly depends on amine concentration and orientation and the ordered (all-trans) 
conformation would be more predominant when amine chains radiate away from the 
layered materials surface in high amine concentration.13,15 The FTIR results are based 
on small vibrational wavenumber variations assigned to absorption bands of the 
methylene groups on the surfactants. The decrease of wavenumber reflects the 
introduction of ordered conformation (all-trans) while a shift to high wavenumber is 
characteristic of disordered conformation (gauche).  
Recently, Raman spectroscopy has been proven to be an ideal method to 
investigate the ordering conformation of surfactant intercalated in an inorganic 
layered host.13,14,17 Although there are few Raman studies on organoclays, it is assured 
that Raman spectroscopy is a powerful probe for the microstructural environment of 
organic within organoclays based on previous studies on various materials at various 
temperatures.17-20  In this paper, the ordering conformation of surfactant molecules in 
organoclay prepared at various concentrations has been investigated using Raman 
spectroscopy at liquid nitrogen temperature and elevated temperatures. Such a study is 
very important to understanding the detailed conformation of surfactant in the 
organoclay hybrids. 
 
EXPERIMENTAL 
Preparation of organo-montmorillonites 
The montmorillonite (HM) was obtained from Hebei, China. The sample was 
purified by sedimentation and the <2µm fraction was collected and dried at 90°C. The 
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sample was ground through 200 mesh and sealed in a glass tube for use. As shown by 
XRD (Figure 1), the collected montmorillonite contains a little illite and kaolinite. 
The cation exchange capacity was 57.9 meq/100g. Its structural formula is 
[Na0.05Ca0.18Mg0.10][Al1.58Fe0.03Mg0.39][Si3.77Al0.23]O10(OH)2·nH2O. The surfactant 
used in this study is hexadecyltrimethylammonium bromide (HDTMAB) with a purity 
of 99%.  
 The preparation of Na-montmorillonite (Na-Mont) was carried out by the 
following procedure. 10g of the mixture of montmorillonite and Na2CO3 in the ratio 
of 94:6 was added into 100ml of deionized water and stirred at 80°C for 3 h. Na-Mont 
was collected by centrifugation and washed with deionized water until the pH of the 
solution of Na-Mont was 7. The Na-Mont was dried at 90°C, ground through 200 
meshes and kept in a sealed bottle. 
The syntheses of surfactant-clay hybrids were performed out by the following 
procedure. 2.5 g of Na-montmorillonite was first dispersed in about 300 ml of 
deionized water and then a desired amount of hexadecyltrimethylammonium bromide 
was slowly added. The concentrations of HDTMA+ varied from 0.2 CEC to 5.0 CEC 
of montmorillonite. The reaction mixtures were stirred for 10 h at 80°C. All products 
were washed free of bromide anions, dried at 90°C and ground in an agate mortar to 
pass through a 200 mesh sieve. The HDTMA+/montmorillonite hybrid prepared at the 
concentrations of 0.2 CEC was marked as HM0.2CEC and the others were marked in the 
same way. 
 
Raman microprobe spectroscopy 
For spectra at room temperature, the intercalated organo-montmorillonites 
were placed on a polished stainless steel surface on the stage of an Olympus 
BHSM microscope, equipped with 50x, 20x and 50x objective lenses. The 
microscope is part of a Renishaw 1000 Raman microscope system, which also 
includes a monochromator, a filter system and a charge coupled device (CCD). 
Raman spectra were excited by a Spectra-Physics model 127 HeNe laser (633 nm), 
recorded at a resolution of 2 cm-1 in the range of 2600-3200 cm-1 for 633 nm 
excitation. Repeated acquisitions, using the highest magnification, were 
accumulated to improve the signal to noise ratio in the spectra. Spectra at liquid 
nitrogen and elevated temperatures were obtained using a Linkam thermal stage 
(Scientific Instruments Ltd, Waterfield, Surrey, England). Samples were placed in a 
stainless steel cup, fitted over the silver plate of the thermal stage. Spectra were 
obtained using 60-second scans using the special short 50X (ULWD) objective. For 
spectra at 77 K, nitrogen gas from liquid nitrogen was passed through a small hole 
in this plate immediately below the center of the glass disc. Samples were heated or 
cooled at 10 degrees per minute until constant temperature was achieved. Spectra 
were calibrated using the 520.5 cm-1 line of a silicon wafer. 
Spectral manipulation such as baseline adjustment, smoothing and normalisation 
was performed using the Spectracalc software package GRAMS ® (Galactic 
Industries Corporation, NH, USA). Band component analysis was undertaken using 
the Jandel  ‘Peakfit’ software package which enabled the type of fitting function to 
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be selected and allows specific parameters to be fixed or varied accordingly. Band 
fitting was done using a Lorentz-Gauss cross-product function with the minimum 
number of component bands used for the fitting process. The Gauss-Lorentz ratio was 
maintained at values greater than 0.7 and fitting was undertaken until reproducible 
results were obtained with squared correlations of r2 greater than 0.95.  
 
X-ray diffraction 
X-ray diffraction (XRD) patterns were recorded between 1.5 and 20°(2θ) at a 
scanning speed of 2°/min, using Rigaku D/max-1200 diffractometer with CuKα 
radiation. All samples were analyzed as ordered films prepared by the evaporation of 
clay suspensions on glass microscope slides. 
 
Differential scanning calorimetry (DSC) measurement 
Differential scanning calorimetry (DSC) measurement was performed on a TA® 
Instrument DSC Q10 analyzer. 5 mg of sample powders were loaded into sealed 
alumina pan and heated to 200°C at heating rate of 3°C /min. The empty alumina pan 
was used as reference and the heat flow between the sample and reference pans was 
recorded.  
 
RESULTS AND DISCUSSION 
Figure 1 displays the XRD patterns of organo-montmorillonites prepared at 
different HDTMA+ concentrations. Our previous study10 has shown that, with the 
increase of the concentration of surfactant, the arrangement of surfactant in the clay 
interlayer will vary from lateral-monolayer, to lateral-bilayer, then to paraffin-type 
monolayer and last to paraffin-type bilayer. Accordingly, the packing density of 
surfactants within the montmorillonite galleries increases gradually and reaches a 
maximum in HM5.0CEC as shown by TG analysis. 10 
Raman spectroscopy in the C-H stretching modes has been extensively used to 
characterized amine chain conformation.14 Figure 2 shows the Raman spectra of 
HDTMAB surfactant recorded at room temperature and liquid nitrogen temperature. 
The band positions and their assignments are given in Table 1. The most prominent 
bands at 2882 and 2849 cm-1 correspond to the methylene antisymmetric and 
symmetric stretching modes. The two bands are sensitive to the ordering 
conformation of amine chains confined within the montmorillonite interlayer, as 
indicated by the changes of frequencies, relative intensities and width of the 
bands.13,14,21,22 Compared with the spectrum of pure crystalline HDTMAB at room 
temperature (shown in Figure 2), both antisymmetric and symmetric stretching modes 
have a slight shift to lower wavenumbers in liquid nitrogen environment. At the same 
time, the bands are more resolved. This reflects the less mobility of amine chains in 
the liquid nitrogen environment.  
 
Raman spectra of organo-montmorillonites at room temperature 
Raman spectra of organo-montmorillonites prepared at different surfactant 
concentrations and their assignments are shown in Figure 3 and Table 1. Compared 
 5
with the Raman spectrum for crystalline HDTMAB, the emission bands in the spectra 
of organo-montmorillonites are less resolved, especially for the symmetric and 
antisymmetric C-H stretching modes of the terminal methyl groups as shown by the 
spectra of HM5.0CEC (Figure 2c). This is reasonable that the molecular environment for 
HDTMA+ confined within the montmorillonite gallery is very different from that for 
bulk crystalline HDTMAB and may be that the CH2 units bond to the siloxane surface 
and/or to the hydroxyl surface.18 
The position of the antisymmetric C-H stretching mode for the confined amine 
strongly depends on the concentration of amine. Conformational changes of the 
confined amine chains as a function of amine concentration can be qualitatively 
monitored by the wavenumber shift as shown in Figure 4. In the high concentration 
range (1.0-5.0CEC), the position of the antisymmetric C-H stretching band keeps 
relatively constant. These bands are very close to that of the pure HDTMAB. This 
means that, in the relatively high concentration range, the confined amine chains 
adopt an essentially all-trans conformation. However, in the relatively low amine 
concentration range (0.2-0.7CEC), the position of the antisymmetric C-H stretching 
band shifts dramatically to high wavenumber, indicating that a large number of the 
gauche conformers are introduced into the amine chains. This is very similar to that 
reported by previous study based on an FTIR study.15 As shown by our previous 
study,10 the amine chains adopt a lateral model within the clay interlayer in the 
relatively low amine concentration range (0.2-0.7CEC), especially lateral-monolayer 
for HM0.2CEC and HM0.5CEC and lateral-bilayer for HM0.7CEC. However, amine chains 
will adopt a paraffin-type monolayer model from 1.0CEC to 2.0CEC and a 
paraffin-type bilayer model at the range of 2.2CEC – 5.0CEC. Hence, 0.7CEC is the 
critical point for the change of amine arrangement model from the lateral to the 
paraffin-type. This amine concentration point is the right one that the dramatic 
wavenumber shift ends and begins to keep relatively constant. This reflecting that the 
conformational ordering is more easily to be effected by the packing density in the 
lateral model. 
The symmetric C-H stretching band at 2849 cm-1 in the present study is very 
close to the wavenumber of the pure HDTMA in addition to a slight shift to high 
wavenumber in relative lower concentration and shows no obvious dependence on the 
concentration of amine. Our present study shows that the antisymmetric C-H 
stretching mode is more sensitive to the conformational ordering than the symmetric 
C-H stretching mode.  
Generally, the band width of the antisymmetric and symmetric stretching modes 
decreases with the increase of amine concentration, reflecting the increase of ordered 
conformation as demonstrated by the shift in wavenumber. The band width of the 
band at 2848 cm-1 shows strong dependence on the concentration of amine (shown in 
Figure 5a) and demonstrates a continuous change rather than a dramatic one as the 
wavenumber shift of the antisymmetric stretching mode.  
As we know, for amine molecules confined within the silicate layers, they face 
the competition of interactions between the amine ions ─ silicate surface and the 
amine ─ amine ions. Theoretical calculation23 and experimental results24 indicate that 
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the most important factors governing the conformational behavior of free n-alkanes 
are the nonbonded van der Waals interactions between the hydrogen atoms. On the 
other hand, there are two main kinds of interaction between the silicate surface ─ 
hydrocarbon chain. One is of repulsive nature, since the silicate surface of clay is 
hydrophilic whereas the hydrocarbon chains of amine molecules are hydrophobic. 
The other is of attractive nature, since the negative charge locates on the silicate 
surface and the positive charge locates on the “head” of amine chain. The electric 
interaction between the clay mineral and the amine chains will result in the fixation of 
the “head” of amine chain on the surface of clay mineral surface. Meanwhile, the 
repulsive force from the silicate surface would increase the mobility of amine ions, 
especially for the tail of the amine chain. This will result in increasing the number of 
gauche conformers. The repulsive force from the silicate wall to the confined amine 
molecules is limited by the distance. Through computer simulation, Gupta et al. 
(1994)25 found that the surface effect is only restricted to the layer in contact with the 
surface. At the same time, the interaction among amine molecules is a function of 
amine concentration. 
Hence, in the sample with low amine concentration, the amine ions are parallel 
to the interlayer and individually separated.15 The interaction among amine molecules 
is very weak. This dilution effect causes the formation of gauche conformers. 
However, the increase of amine concentration will result the increased interchain 
interaction and also restrict the room for the movement of the amine tail. This will 
lead to the increase of the number of the ordered conformers, reflected by the 
wavenumber shift to lower wavenumber and the decrease of the band width. For the 
paraffin-type model of the amine chains, there is a relative high packing density. This 
means the room for movement of the tail of amine chain is limited and the confined 
amine chains adopt an essentially all-trans conformation. Therefore, there will be no 
dramatic change of the wavenumber of the bands as demonstrated in the present 
study. 
  
Raman spectra of organo-montmorillonites at liquid nitrogen temperature 
Frost et al. (2003)20 reported that there are a number of advantages of measuring 
Raman spectra at liquid nitrogen temperature, including better band separation. 
However, in the present study, the antisymmetric and symmetric C-H stretching bands 
of HM0.2CEC and HM0.5CEC are very weak and could not be distinguished from noise. 
Raman spectra of the other organo-montmorillonites at liquid nitrogen temperature 
are shown in Figure 6, which are very different from those at room temperature. Both 
the frequencies of antisymmetric and symmetric stretching modes are independent of 
the amine concentration, as may be observed in Figure 4. However, the band width of 
the symmetric C-H stretching modes shows strong dependence on the amine 
concentration, i.e., the band width decreases with the increase of amine concentration 
(Figure 5b). This is similar to that indicated by the room temperature Raman spectra, 
reflecting the increase of ordered conformation with the increase of amine 
concentration.  
As we discussed in the last section, there are net negative charges located on the 
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surface of montmorillonite layer, resulted from the substitution of Si4+ or Al3+ by 
cations with lower valence. Meanwhile, the positive charge of the amine chain locates 
at the “head” which holds three methyls. Hence, the “head” will be fixed on the 
silicate surface through the electronic interaction between amine chain and the clay 
mineral when the surfactant ions enter into the montmorillonite gallery.15 At liquid 
nitrogen temperature, we can assume that the tail of amine chain is “fixed” or less 
mobile compared with that at room temperature or in higher temperature. Therefore, 
the independence of wavenumber of antisymmetric and symmetric stretching modes 
on the confined amine concentration suggests that the wavenumber shift is sensitive to 
the mobility of the tail of amine chain. This also can explain that the wavenumber 
shift of the antisymmetric C-H stretching mode for the confined amine strongly 
depends on the concentration of amine at room temperature indicated in the present 
study, i.e., the mobility of the tail of amine chain will be reduced with increase of 
packing density. Figure 4 shows that both frequencies of antisymmetric and 
symmetric stretching modes are lower than those at room temperature. This is also 
resulted from the less mobility of amine chain at liquid nitrogen temperature and 
further supports our suggestion.  
 
Raman spectra of organo-montmorillonites at elevated temperatures (20-200°C) 
    To understand more about the molecular environment change of organic 
confined within the montmorillonite gallery at different temperatures, Raman 
spectroscopic study of HM5.0CEC and HM1.5CEC was conducted over the 20-200°C 
temperature range. As demonstrated by the XRD results,10 the organic within 
HM5.0CEC and HM1.5CEC correspond to paraffin-type monolayer and paraffin-type 
bilayer, respectively. Before the Raman study, the differential scanning calorimetry 
(DSC) measurement was conducted on the two samples. HM5.0CEC shows a melting 
temperature between 60 – 70°C while HM1.5CEC shows two weak melting 
temperatures around 30°C and 50°C, respectively.  
Figures 7 and 8 display Raman spectra of HM5.0CEC and HM1.5CEC at different 
temperatures. When the temperature increases, both the wavenumbers of 
antisymmetric and symmetric stretching modes shift to higher wavenumbers, 
reflecting the increase of disordered gauche conformers. The conformation 
isomerization happens via rotation about C-C bonds.15 Although both the frequencies 
of antisymmetric and symmetric stretching modes show strong dependence on the 
temperature, the shift of their wavenumbers is discontinuous rather than stepwise, 
especially around the melting temperature as shown in Figure 9. For sample HM5.0CEC, 
from room temperature to 200°C, the wavenumber of the antisymmetric stretching 
mode shifts from 2882 cm-1 to 2893 cm-1 while that of the symmetric stretching mode 
from 2847 cm-1 to 2854 cm-1. The wavenumber variations of the antisymmetric and 
symmetric C-H stretching bands are 11 cm-1 and 7 cm-1, respectively. However, 
around the melting temperature (60-80°C), the wavenumber variation of the two 
corresponding bands reaches 7 cm-1 and 3 cm-1, respectively. This similar change also 
can be found in the Raman spectra of HM1.5CEC. This means that a dramatic change 
happened around the melting temperature and a large number of disordered gauche 
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conformers are introduced into the amine chains. After the melting temperature, the 
organic confined within the montmorillonite gallery should be “liquid-like” as 
indicated by the wavenumbers of the bands. With the heating temperature further 
increased, both of antisymmetric and symmetric stretching bands of the two samples 
with different amine concentration and arrange model shift to 2893 cm-1 and 2854 
cm-1, respectively. The wavenumbers of the two bands are much higher than the 
corresponding ones for HM0.2CEC, reflecting more disordered conformation in 
HM5.0CEC and HM1.5CEC at 200°C than in HM0.2CEC, which is most disordered at room 
temperature. This should be attributed to the more mobile amine chains when the 
extra energy is provided as heating temperature is increased. At this stage, organic 
ions within the montmorillonite gallery may be able to move freely since the extra 
energy provided by heating will help the organic ions overcome the various 
restrictions.  
Despite of the different amine concentration and arrange model for HM5.0CEC and 
HM1.5CEC, the magnitude of the wavenumber shift for the two samples is similar. This 
is different from the previous proposal that the magnitude of shift variation 
corresponds to the amine concentration based on FTIR study.15 According to the 
magnitude of the shift variation of antisymmetric and symmetric stretching bands, we 
also can find that the antisymmetric stretching band at 2880 cm-1 is more sensitive to 
the conformational ordering of amine than the symmetric stretching band at 2850 cm-1 
does. This is similar to that deduced from the Raman spectra of 
organo-montmorillonites with different amine concentration at room temperature. 
 
CONCLUSIONS 
Raman spectroscopic study on the organo-montmorillonites prepared at different 
concentrations has provided a detailed observation about the ordering conformation of 
HDTMA+ ions confined within the montmorillonite interlayer. The ordering 
conformation shows strong dependence on the concentration of the confined amine. 
Both wavenumber and band width of antisymmetric and symmetric stretching modes 
are sensitive to the ordering conformation of organic. Furthermore, the wavenumber 
of the antisymmetric stretching mode is more sensitive to the mobility of the tail of 
amine chain than that of symmetric stretching mode does. 
 At room temperature, the conformational ordering is more easily to be effected 
by the packing density in the lateral model than in the paraffin-type model. However, 
at liquid nitrogen temperature, both the frequencies of antisymmetric and symmetric 
stretching modes are independent of the amine concentration, and the band width of 
symmetric stretching mode is sensitive to the ordering conformation of organic.  
When heating the organo-montmorillonites, both the frequencies of 
antisymmetric and symmetric stretching bands shift to higher wavenumber, indicating 
the decrease of conformational ordering. Meanwhile, a dramatic of the wavenumber 
shift occurs around the melting temperature, which is determined by the differential 
scanning calorimetry (DSC) measurement.  
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Table 1. Raman frequencies for pure crystalline HDTMA and 
organo-montmorillonite with the assignments 
 
crystalline HDTMA (cm-1) organo-montmorillonite(cm-1) assignment 
3032 3034 (W) N+-CH3 C-H antisym stretch 
3018  N+-CH3 C-H antisym stretch 
3008  N+-CH3 C-H antisym stretch 
2972 2970 (W) N+-CH3 C-H sym stretch 
2961  N+-CH3 C-H sym stretch 
2944 2933 (W) CH3 C-H antisym stretch 
2882 (S) 2882 (S) CH2 C-H antisym stretch 
2849 (S) 2848 (S) CH2 C-H sym stretch 
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Figure captions 
 
 
Figure 1. XRD patterns of organo-montmorillonites prepared at different HDTMA+ 
concentrations. 
 
 
 
Figure 2. Raman spectra of crystalline HDTMA+ at room temperature (a), at liquid 
nitrogen temperature (b) and sample HM5.0CEC (c). 
 
 
Figure 3. Raman spectra of organo-montmorillonites prepared at different HDTMA+ 
concentrations. 
 
 
Figure 4. Change of wavenumber of the antisymmetric C-H stretching band at room 
temperature (a) and liquid nitrogen temperature (b), and the symmetric C-H 
stretching band at room temperature (c) and liquid nitrogen temperature (d). 
 
 
Figure 5. Change of band width for the symmetric C-H stretching band at room 
temperature (a) and liquid nitrogen temperature (b). 
 
 
Figure 6. Raman spectra of organo-montmorillonites at liquid nitrogen temperature.  
 
 
Figure 7. Raman spectra of HM5.0CEC at different temperatures. 
 
 
Figure 8. Raman spectra of HM1.5CEC at different temperatures. 
 
 
Figure 9. Change of wavenumber of the antisymmetric and the symmetric C-H 
stretching bands for HM5.0CEC and HM1.5CEC as a function of temperature. 
a: the antisymmetric C-H stretching band for HM5.0CEC; 
b: the antisymmetric C-H stretching band for HM1.5CEC; 
c: the symmetric C-H stretching band for HM5.0CEC; 
d: the symmetric C-H stretching band for HM1.5CEC; 
 
 
 
